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Abstract- Wind energy being one of the renewable energy sources, having potential to substitute power generation from fossil 
fuels, has always drawn the spot light of research society. Non-straight bladed vertical axis wind turbine (VAWT) has proven 
to be one among the better options among small scale turbines. The presented work investigates the effect of wind speed on the 
performance of a Troposkien blade VAWT using 3D CFD simulations. The transitional SST K-w model is used for modeling 
turbulence. Simulations are conducted for varying wind velocities (6 m/s - 14 m/s) and varying tip speed ratios (TSR) (1.8 - 
2.7). Based on the swept area of the turbine, the mean radius of the turbine is calculated which serves as the basis for the 
calculation of TSR. The results obtained indicate that the turbine performance is significantly affected at lower TSR at varying 
wind speeds, and the percentage of change is much lower at higher TSR values. Peak performance of the turbine is noted at the 
same TSR value for all wind velocities, and the magnitude of coefficient of performance is found to be almost the same. 
Keywords VAWT, Troposkein blade, wind speed. 

 

1. Introduction 

To cater to the ever-increasing demand for energy, 
technology has always come up with unique solutions. Still, 
humanity's thirst for more is never catered. The energy 
available in different forms is generally harnessed and 
converted to either mechanical or electrical forms. The 
increased dependency on fossil fuels has led to catastrophic 
environmental problems like pollution. Therefore, the 
increase in demand for energy has forced the scientific 
community to search for other alternate sources of energy. 
One such major reliable source has been wind, which when 
converted to mechanical or electrical forms have always been 
a popular source of renewable energy. 

 Based on the orientation of the rotation axis with respect 
to wind direction, wind turbines can be categorized into two, 
i.e. Horizontal axis wind turbines (HAWT) and Vertical axis 
wind turbines (VAWT). At present, most of the commercial 
wind turbines are HAWTs due to their higher efficiency 
when compared to the VAWTs [1-3]. Improvement in 
performance and efficiency can be attributed to higher 
investments in the development of wind turbine technology 
which has been focused on HAWT for the past two decades 
[1]. Hence, the advantages of VAWT, like; lower operational 

wind speed, high tolerance to the turbulence level of the 
wind, omni-directionality, placement of generator on the 
ground [4-8], etc., have been overlooked. These advantages, 
off late, have expanded the field of applicability of VAWTs, 
and hence, the same is reflected in their recent popularity. 

The classification of VAWT is based on the forces 
which causes the wind turbine to rotate, namely the lift type 
(Darreius) and the drag type (Savonius) [9]. Further, the lift 
force based VAWT can be classified based on the shape of 
the blades, like straight (H-Type) and non-straight 
Troposkien, Canted, and Helical, to name a few. The work 
on H-type Darrieus turbines have been mostly focused on the 
geometrical aspects like number of blades [10-12], airfoil 
shape [13-15], solidity (σ) [16-18], blade pitch angle [19] 
and turbine shaft [20] and operational parameters like tip 
speed ratio(TSR) (l)[21-26], turbulence intensity [24, 27-29] 
and Reynolds number [22, 30-33]. 

A detailed experimental analysis was performed on a 
three bladed high solidity (σ = 0.45) VAWT by McLaren 
[34], to study the effect of wind velocity, pre-set pitch angle, 
chord length and airfoil, on the performance of a wind 
turbine.  They have accurately measured aerodynamic 
loading using strain gauge-based force measurement on the 
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strut and torque measurement from the shaft. The wind 
velocity was varied from 6 to 11 m/s. Coefficient of 
performance was almost similar from 8 to 11 m/s and 
consistently lower by about 12%. Elkhoury et al.[35] has 
performed experiments on a three bladed H-Type VAWT 
with chord 200 mm, turbine diameter 800 mm (σ = 0.75) and 
for NACA0018 and NACA 634-221 airfoil profiles. The 
experiments were conducted for a wind velocity range of 4 
m/s to 10 m/s. The peak coefficient of performance for the 
entire studied wind velocity range is occurring at the same tip 
speed ratio, and variation in CP was found to be less than 3% 
for various tip speed ratios. Li et al.[36] investigated the 
performance of straight bladed VAWT both in wind tunnel 
and infield. The wind turbine is two bladed with chord 0.265 
m and rotor diameter 2 m (σ = 0.265) with NACA0021 
airfoil. They examined the effect of blade pitch angle, wind 
velocity and Reynolds number, on the performance of 
VAWT. The Reynolds number study in wind tunnel shows 
that as chord Reynolds number increases, the coefficient of 
power increases, and the peak coefficient of power occurs at 
the same tip speed ratio. The field experiments with 
fluctuating wind condition revealed that the performance of 
the wind turbine is significantly varying for tip speed ratios 
greater than 2. For almost every experiment conducted in the 
above mentioned studies, influence of TSR and wind 
velocity on the performance was studied. 

Rezaeiha et al. [8, 19, 20, 37] have used 4-equation 
transitional SST k-w model for a two-bladed VAWT to study 
the effect of pitch angle, presence of shaft, the effect of 
solidity (constant Reynolds number) and effect of various 
other operational parameters (constant Reynolds number). 
Lohry and Martinelli [38] have performed 2D and 3D 
computations of performance of VAWT with varying blade 
aspect ratio (3 to 20)and solidity (0.13 to 0.79). It is 
concluded that the performance of the turbine improves for 
larger radius while maintaining the same solidity. Need for 
3D simulations is well emphasized by Bhargav et al. [39] in 
their numerical work to study the effects of fluctuating wind 
conditions. Their study involves a three-bladed high solidity 
VAWT of 450 mm chord, 3 m height and 2.7 m in diameter. 
In a 2D numerical work by Chandramouli et al. [40] the 
effect of pitch angle on the performance was studied in 
variable wind velocities and variable TSR. It was found that 
negative pitch performed better in all the conditions studied. 

The popularity of H-Type Darrieus VAWT is because of 
simplicity in terms of manufacturing. However, the torque 
ripples and bending moment stress on the structure is found 
to be higher for the H-Type Darrieus VAWT [8]. These 
disadvantages of the straight blade have driven research in 
exploring better designs. Troposkein blade, being one among 
the designs which have zero bending moment, will have less 
structural issues. A study on canted blades by Armstrong et 
al. [23] shows similar performance concerning straight blade 
VAWTs at same TSR. In an optimisation work done by 
Bedon et al. [41], they obtained optimal chord to attain better 
power coefficient and better power output. The wind velocity 
for his study was 9 m/s and 12 m/s respectively for improved 
power coefficient and power output respectively. The shape 
of the blade in the work was described as Straight-Circular-
Straight. Methods like variable chord length along the blade 

for troposkien turbines has been examined numerically to 
improve the performance of the turbine [42]. Delafin et al. 
employed streamtube models, vortex methods and CFD with 
existing experiments for a 3D full-scale VAWT to determine 
its performance. The study compares different computational 
models for the full-scale turbine used in experiments 
performed at Sandia National Laboratories in the 1980s [43]. 

The effect of wind velocity on the performance of a 
straight blade VAWT has been studied with respect to two 
different aspects; for a constant chord Reynolds number and 
for a constant wind velocity. The performance of the wind 
turbine (Cp) has shown a significant dependence on TSR and 
less depent of wind speed. Most of the work available in the 
literature were on straight bladed VAWT but studies on non-
staight bladed VAWTs, in order to understand the effect of 
various geometric and operating conditions on performance 
are limited [15-17]. Also, it is interesting to study the effect 
of wind speed on non-staight bladed VAWT like Troposkien 
VAWT as relative velocity of the turbine blade would vary 
along its length.  

The present work focuses on the numerical analysis of a 
3D troposkien bladed VAWT model under different wind 
conditions (6m/s to 14m/s). The TSR (l) based on the mean 
radius was varied from 1.8 to 2.7. The turbine performance 
was evaluated based on coefficent of performance. Also, in 
order to understand the nature of wind turbine performance 
detailed flow analysis was done. 

2. Computational Model 

The flow velocities that are studied are much below the 
velocity of sound, hence the working fluid, the air is assumed 
to be incompressible. For a three-dimensional incompressible 
isothermal flow, the conservation of mass (continuity) and 
momentum (Navier-Stokes) equations are solved along with 
the turbulence model. Transition, SST k-ω model, was used 
to model the turbulence because the Reynolds number of 
flow over the airfoils for various wind velocities and tip 
speed ratios were found to be in the range of 1.4 × 105 to 3.5 
× 105.  Moreover, the four equation Transition SST k-w 
model has been used by several researchers [8, 40, 44-50] for 
modelling VAWT and results were found to be validating 
well with the experimental data. The governing equations for 
the present model are given in equations 1 - 6. 
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             (4) 

          (5) 

(6) 

Where r is the density, V is the velocity, µ is the dynamic 
viscosity, p is the pressure, , , , is the production 

terms for respective quantities, , , are destruction 
terms of the respective quantities. 

The geometrical features of the computational domain are 
represented in table 1. The domain is modelled using two sub 
domains; one to capture the rotational motion near the 
turbine and an external domain which is stationary, as shown 
in Fig. 1(a). The dynamic motion of the turbine blade during 
the turbine operation is captured with the rotating domain. A 
symmetric model was developed for reducing computational 
time and effort. 

 
Fig. 1 (a) Domain geometry and boundary conditions 

 
Fig.. 1 (b) Wind turbine model studied in the present 
work 

GAMBIT 2.4 is used for modelling and meshing of the 
domain, a 3D representation of which is displayed in Fig. 
1(a). A NACA0015 airfoil profile of chord length 210 mm 
with the trailing edge rounded was generated. The 
Troposkien blade geometry was generated by sweeping the 
airfoil cross section along the straight – circular – straight 
line as shown in Fig. 1(b). Each blade cross section has 340 
grid points to ensure that the flow separations, if any, is 
appropriately captured. Fine surface meshes (shown in Fig. 
2(a)) are generated on all the airfoils and shaft in order to 
capture the aerodynamic effects adequately. Grid density of 
the surface mesh near the tip is kept higher in order to 
accurately model the tip effects (shown in inset of Fig. 2(a)). 
In order to capture the flow features closer to the surface of 
the blade and shaft, boundary layer mesh is defined with the 
first length of 2.5×10-5m, and a growth ratio of 1.35 with 21 
layers. To capture the rotational effects of the turbine, a 
cylinder of radius 2.5 m is created, encompassing all the 
blades and shaft. Vertical symmetry is ensured throughout 
the modelling so as to reduce the computational effort. An 
outer stationary domain (shown in Fig. 2(b)) similar to 
McLaren’s [1] is generated, which has a cylindrical hole to 
fit the inner rotating domain. Approximately 11.5 million 
cells are generated in the entire process of meshing. 

Table 1 Geometrical details and operating conditions 
of the turbine in the present work   

Blade profile  NACA 0015  
Chord, c  0.210 m  
Mean Diameter of the rotor, D  
(based on swept area)  

2.7 m  

The frontal area of the rotor  8.1 m2  
Solidity based on mean diameter, s 0.5  
Number of blades, N  3  
Wind speed, U∞  6 – 14 m/s  

As shown in Fig. 1(a), the solid walls like blades and shaft 
were set to ‘no slip’. The entry was set as velocity inlet 
through the surface ABCD at 10 m/s wind velocity, and the 
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exit was set as pressure outlet at 1 atm pressure at surface 
EFGH as shown in Fig. 1(a). The initial condition and the 
inlet condition was set the same at 10m/s. All the simulations 
were run at a free stream velocity of 10 m/s and at 5% 
turbulence intensity. Based on the swept area of the turbine, 
the mean radius of the turbine was calculated which serves as 
the basis for calculation of TSR. TSR is varied from 1.6 to 
2.9 to effectively study the performance parameters. 

The simulations were done in ANSYS FLUENT 15.0. The 
time step used for the computation is equivalent to 1o of 
turbine rotation. Each simulation was performed for 10 to 12 
rotations. It was observed that for most of the computations 
flow around the wind turbine becomes periodic at the end of 
the 9th rotation. Mean Cm and CP data was found to be 
varying less than 0.2% for 9th and 10th rotation. Hence results 
of the 12th rotation have been analyzed in the present work. 

The grid domain and solution methodology has been 
followed based on our previous numerical studies [40]. 
Using ANSYS FLUENT, this solution methodology has 
been validated from straight bladed Darrius wind turbine of 
McLaren et.al. [32] experimental study 

3. Grid and Time step independence 

The numerical solution should be independent of simulation 
parameters such as mesh size and time step duration. 
Simulations have been carried out to prove the same classic 
conditions of U∞ = 10 m/s and TSR (l) = 2. Fig. 3 shows the 
time step independence of the solution for l = 2 and velocity 
10 m/s. Time steps were caluclated based on the degrees of 
rotation of the turbine. The numerical analysis with a time 
resolution equivalent to 2 degree, 1 degree and 0.5 degree 
were performed. It can been seen that momemt coefficent for 
blade 1 with 1 degree time step matches well with 0.5 degree 
time step indicating the solution is time step independent. 
Hence, in the present work all the computations are 
performed with 1 degree time step. 

Grid independence study was conducted in order to decide 
on the maximum number of grid points that can be used for 
the study. It was found that the grid of 11.5 million could 
predict the results at fairly reasonable accuracy. Table 2 
represents the grid independence study for a sample case of 
TSR 2 with wind velocity of 10 m/s.  

Table 2 Grid independence study 

Sl. No. No. of Grid points Cp predicted 
1 9 × 106 0.2034 
2 11.5 × 106 0.2091 
3 17 × 106 0.2094 

4. Results and Discussion 

In the presented work, simulations are performed on a three 
bladed troposkien vertical axis wind turbine for different 
wind speeds and TSR. The wind velocity range (6 – 14 m/s) 
was selected based on the real time wind available in any 

urban environment [2]. The performance of vertical axis 
wind turbine was found to be at its best in the range of TSR 
varying from 1.8 to 2.7[3]. 

  
Fig.2(a) surface mesh on the blade  

 
Fig. 2(b) Mesh on the symmetric plane  

Fig. 4(a) represents the variation of cm for each blade versus 
no of cycles. The first three cycles have significant effects 
due to the initial condition. It was noticed that after eight 
cycles the value of Cm has achieved cyclic nature. Therefore, 
for every simulation that was performed, the value of Cm was 
obtained only after 12 complete cycles of rotation by the 
turbine. 
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Fig. 3. Blade 1 Cm variation as a function of rotation 
angle for various time steps at velocity 10 m/s and TSR 
2 

 

 
Fig. 4(a) Cyclic Nature of Cm over 10 cycles of 
a Troposkien bladed VAWT running at l = 2.3 and v = 
10 m/s  

 
Fig. 4(b) Averaged Cp value for 10 cycles for 
troposkien bladed VAWT running at l = 2.3 and V = 
10 m/s 

The cycle averaged Cp data plotted against no of cycles 
shown in Fig. 4(b). The Cm plot appears to have achieved 
statistical cyclic nature after five cycles, but the average Cp 
value keeps varying. Hence it is essential to run the 
simulations for more than nine cycles. All the simulations 

run for the presented study are run for a minimum of 12 
cycles in order to avoid any transitional effects.  

 

 
Fig. 5 Variation of Cp with respect to TSR and wind 
velocity 

From Fig. 5, it can be observed that for various wind 
velocities, the range of tip speed ratios at which peak occurs, 
remains the same. The overall trend of the performance 
remains the same irrespective of the wind velocities. For 
lower wind velocities, it can be noted that there is a 66% 
improvement in the performance when wind velocity is 
increased by 1.3 times. This may be attributed to the lesser 
interaction of the wake leaving the preceding blade surface 
on the incoming blade. It is also to be noted that when TSR 
was increased beyond a threshold value of 2.5, the difference 
in the performance coefficient is very less. These 
observations further strengthen the impression of having 
lesser wake interaction on the incoming blade.  

 
Fig. 6 Effect of TSR on Cm in one complete rotation of a 
blade. 

It may be noted from Fig. 6 that the maximum Cm occurs in 
between 0° and 90° and the secondary effects are visible at 
180° and 270° of the rotation angle of blade 1. It is observed 
that irrespective of the TSR, the energy that can be extracted 
from the wind remains in the same range of rotation angles. 
It is also observed that an increase in TSR shifts the peak 
slightly towards higher angle. This may be due to lesser 
interaction of wakes from the preceding blade hitting the 
incoming blade. 
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Fig. 7 Effect of wind velocity on the performance of 
troposkein blade VAWT against two different TSR 

If we compare the performance of the wind turbine across 
TSR values, for variable velocity, it is understood that for 
lower TSR the performance is poor when compared to higher 
TSR. From Fig. 7 it can be inferred that for higher TSR and 
higher velocity, the difference in performance coefficient 
becomes lesser. It was observed that the difference in the 
performance of the same turbine under different TSR for 
same wind velocity is higher at lower wind velocity and 
lower in higher wind velocity. This may be accounted to the 
reduced interaction of the vortex shed by one blade over the 
next incoming blade. 

 
Fig. 8 Variation of Coefficient of moment with respect to 
rotation angle for various wind velocities at TSR = 2 

The Cm data taken for the lower TSR values (λ = 2), depicted 
in Fig. 8, shows that as velocity increases the peak broadens 
and the effects of secondary interaction becomes prominent. 
The peak pattern is found to occur in the same range of 
rotation angle for all velocities. 

On the contrary, if we take the Cm data of higher TSR (λ = 
2.5), from the Fig. 9, it is evident that the peak occurs at the 
same rotation angle and follows the same trend across the 
velocity range considered. This may be attributed to lesser 
interaction of the blade vortex on the oncoming blade. The 
secondary effects are also negligible in higher TSR. 

It is interesting to note that the moment coefficient does not 
differ much for a single blade even though the velocity of 
incoming wind is changed. It gives sufficient confidence on 
the numerical model used for the prediction of performance.  

 
Fig. 9 Variation of Coefficient of moment with respect 
to rotation angle for various wind velocities at TSR = 
2.5 

 

 
Fig. 10 skin friction lines over the blades for TSR l= 2, 
velocity 14 m/s 

The flow over the blades of the troposkien blade wind 
turbine is depicted using skin friction lines as shown in Fig. 
10. The wind velocity for the simulation was set to be in the 
positive y direction. The flow over the blade in top view and 
bottom view are shown in Fig. 10 for a wind velocity of 14 
m/s and TSR = 2. Also, the Fig. shown was for the azimuth 
angle when maximum moment coefficient occurs for the 
blade 2. From the Fig. it is clearly seen that on the pressure 
side of blade 2 the flow is almost stream lined and at the 
suction side the flow separates from the blade surface.  

In order to corroborate the findings from skin fiction lines 
pressure and vorticity magnitude contours were plotted. Fig. 
11 showcases (a) the pressure profiles, (b) vorticity 
magnitudes, at three sections of the turbine; Symmetric 
section (h = 0 m), Mid-section (h = 0.75 m) and tip section (h 
= 1.325 m). The views are zoomed to ensure the pressure 
profiles / vorticity contours are legible in their corresponding 
sections. The coordinates represent the x and y coordinates of 
the section plane. It must be noted that the symmetry plane 
lies at z = 0. The pressure on blade 2 and blade 1 has sharp 
contrast in their values in the pressure side and suction side. 
This significantly contributes in generating lift force on those 
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blades. It is noted here that the pressure drop near the tip is 
very negligible. In the vorticity contours at the mid section, it 
can be seen that the vorticity interaction between blades are 
not as significant as symmetric and tip sections. Whereas 
when it comes near to the tip the wake interaction between 
the tip vortices are really high. This supports the non 
alignment of skin friction lines near the tip. The wakes 
generated by the shaft also influences the flow over the 
blades, but only near the tip of the turbine blade. 

Fig. 12 (a), (b) and (c) represents the pressure plots for wind 
velocity 8 m/s, 10 m/s and 14 m/s respectively. All the static 
pressure contours are plotted on the same scale (i.e, -50 to 50 
Pa) in order to compare the results. With the increase in wind 
velocity, the pressure difference between suction side and 
pressure side increases leading to higher lift force and hence 
better power production. On observation of these contours it 
is clear that the trend of pressure drops are similar in the 
same height section. 

Fig. 13 (a), (b) and (c) represents the vorticity magnitude 
contours for wind velocity 8 m/s, 10 m/s and 14 m/s 
respectively. The contours also follow similar trend as that of 
the pressure profiles. As the wind velocity increases the 
vorticity effects become significant. The wake interaction at 
the tip of the turbine blade is very significant at higher wind 
velocities.  

5. Conclusions 

The effect of wind speed on the performance of a troposkien 
wind turbine was studied numerically using the commercial 
code – FLUENT. All simulations were conducted in 3D with 
SST k-w turbulence model for different wind velocities (6 
m/s – 14 m/s) and different TSR values (1.8 to 2.8). The 
following are the conclusions drawn: 

Ø To parametrize the study, TSR values were 
calculated based on the mean radius of the turbine. 
In reality, the blade diameter is different at different 
sections of height. Due to this reason, there is a 
significant change in the pressure profiles and it is 
evident from the pressure contours as well. 

Ø The turbine performance is significantly affected at 
lower TSR at different wind speeds. The percentage 
of change in coefficient of performance is much 
lower at higher TSR values when compared to 
lower TSR. The peak performance is almost similar 
at higher TSR. It is corroborated by the Cm curves at 
higher TSR, which got superimposed on each other, 
leaving minimal difference.  

Ø Near to the symmetric plane of the turbine, the 
pressure difference between suction and pressure 
side is significant, and for a section away from the 
symmetry, the pressure difference is found to be 
reducing. 

 

Fig. 11 (a) Pressure profiles at symmetric section, Mid-
section and Tip section 
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Fig. 11 (b) Vorticity magnitude at symmetric section, 
Mid-section and Tip section  
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(a) Wind velocity = 8 m/s (b) Wind velocity = 10 m/s (c) Wind velocity = 14 m/s 

Fig. 12 Pressure contours at TSR = 2 at symmetric (h = 0 m), mid (h = 0.75 m) and tip (h = 1.325) section heights 
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Fig. 13(a) Vorticity contour for 
velocity 8 m/s and l = 2 

Fig. 13(b) Vorticity contour for 
velocity 10 m/s and l = 2 

Fig. 13(c) Vorticity contour for 
velocity 14 m/s and l = 2 
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